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The partitioning of the ventral neural tube into five distinct neuronal progenitor domains is dependent on the morphogenic action of the
secreted protein Sonic hedgehog (Shh). The prevailing model stipulates that Class I genes are repressed and Class II genes are activated by high
levels of Shh signaling and that sharp progenitor domain boundaries are established by the mutual repression of complementary pairs of Class I
and Class II transcription factors. While core elements of this model are supported by experimental evidence, a number of issues remain
unresolved. Foremost of these is a more thorough understanding of the mechanism by which Class I genes are regulated. In this study, we describe
the consequences of Shh misexpression on Class I and Class II gene expression in the hindbrain of ShhP1 embryos. We observed that an ectopic
source of Shh in the otic vesicle of ShhP1 embryos ventralized the adjacent hindbrain by inducing, rather than repressing, the expression of
several Class I genes (Pax6, Dbx1, Dbx2). The Shh dependent activation of Class I genes was mediated, in part, by Gli2. These results bear
significance on the model of ventral neural tube patterning as they suggest a dual role for Shh in the regulation of Class I genes, whereby low
levels of Shh signaling initiate Class I gene transcription, while higher levels restrict the domains of Class I gene expression to intermediate
positions of the neural tube through the activation of Class II transcriptional regulators.
© 2007 Elsevier Inc. All rights reserved.Keywords: Sonic hedgehog; Class I (Pax6 Dbx1, Dbx2); Class II (Nkx2.2, Nkx6.1, Nkx6.2) Gli2; Ventral neural tube; Morphogen; Central nervous system; Gene
expressionIntroduction
The stereotypic patterns of neurons that develop along the
anteroposterior and dorsoventral axes of the vertebrate central
nervous system (CNS) are dependent on the coordinated
activities of multiple signaling pathways. Neuroepithelial
progenitors interpret the extrinsic signals to which they are
exposed by regulating the intrinsic expression of cell fate
determinants appropriate for that level of the neuraxis (Jessell,
2000; Liu and Niswander, 2005; Lupo et al., 2006). In this way,
the position a neuronal progenitor occupies in the CNS is often a
reliable predictor of the type of neuron it will become.⁎ Corresponding author. Fax: +1 215 573 5892.
E-mail address: epsteind@mail.med.upenn.edu (D.J. Epstein).
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0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.01.035Shh, is one such secreted protein that plays an integral role in
the specification of neurons and glia that form along the ventral
half of the neural tube. At least five distinct neuronal subtypes
(from ventral to dorsal: v3, MNs, v2, v1, vo) are dependent on
hedgehog signaling for their specification in the ventral spinal
cord (Jessell, 2000; Briscoe and Ericson, 2001). Over the past
several years a compelling body of evidence has been generated
to explain how Shh promotes such a variety of cell types. The
prevailing model stipulates that Shh secreted from the
notochord and floor plate establishes a gradient of signaling
activity within the ventral neural tube such that the fate of a
given progenitor is specified according to the strength of Shh
signaling to which it is exposed (Ericson et al., 1996, 1997). For
instance, within the spinal cord, the ventral most neuronal
progenitors (p3) are exposed to the highest concentration of Shh
and are fated to become v3 interneurons, whereas progenitors at
the dorsal extent of the ventral neural tube are exposed to the
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interneurons (Ericson et al., 1997; Briscoe et al., 1999; Pierani
et al., 1999).
In building a model for ventral neural patterning it is critical
to understand how the Shh signaling gradient is interpreted by
ventral progenitors to give rise to neurons with distinct
molecular and physiological properties. The five progenitor
domains in the ventral spinal cord can be identified by their
expression of specific combinations of homeodomain and
bHLH transcription factors (Briscoe and Ericson, 2001; Lupo et
al., 2006). These transcription factors were originally classified
into two groups based on how Shh modulated their expression.
Class I transcription factors (e.g. Pax6, Dbx1, Dbx2, Pax7) are
repressed by high levels of Shh in the ventral most regions of
the neural tube and are expressed in intermediate progenitor
domains in direct opposition to Class II transcription factors
(e.g. Nkx2.2, Nkx6.1, Nkx6.2), which are activated by high
levels of Shh signaling (Briscoe et al., 2000). In this way, sharp
progenitor domain boundaries can be generated by the mutual
repression of complementary pairs of Class I and Class II
transcription factors (Muhr et al., 2001). Once the boundaries
are fixed, the unique combination of Class I and Class II
proteins assigned to a given progenitor domain further directs
the fate of differentiating neurons.
While core elements of this model are supported by
experimental evidence, a number of issues remain unresolved.
Foremost of these is a more thorough understanding of the
mechanism by which Class I and Class II genes are regulated. It
is generally perceived that Class I genes are repressed and Class
II genes are activated by Shh signaling. At least for one Class II
gene, Nkx2.2, the activation by Shh/Gli signaling appears to be
direct (Lei et al., 2006). Previous studies showed that the
restriction of certain Class I genes to intermediate regions of the
neural tube is mediated by Class II transcriptional repressors
(Vallstedt et al., 2001). This suggests that the repression of
Class I genes by Shh is indirect, and leaves open the possibility
that Shh signaling also functions to positively regulate Class I
gene transcription (Briscoe and Ericson, 2001). Several lines of
evidence support this hypothesis. Firstly, low levels of Shh are
sufficient to induce the expression of Class I genes in explant
cultures (Ericson et al., 1997; Pierani et al., 1999). Secondly,
transduction of the Hh signal through the seven-pass trans-
membrane protein Smoothened (Smo) is required for the proper
expression of Class I genes in intermediate positions of the
spinal cord (Wijgerde et al., 2002). Thirdly, misexpression of
low-level Gli activators is sufficient to induce the ectopic
expression of some Class I genes (Stamataki et al., 2005).
In the current study we further address the mechanism of
Class I gene activation and other issues related to the proposed
model for Shh in ventral neural tube patterning by investigating
the effects of Shh misexpression in the ShhP1 transgenic mouse
line. Despite a two-fold increase in Shh expression in the floor
plate of ShhP1 embryos, no alterations in the Shh signaling
gradient were observed in the ventral neural tube, suggesting
that this tissue is equipped to buffer against fluctuations in Shh
morphogen production. On the other hand, the ectopic
expression of Shh in the otic vesicle of ShhP1 embryos resultedin low-level pathway activation in the adjacent dorsal hindbrain.
Interestingly, Class I genes (Dbx1, Dbx2, Pax6high) were
activated rather than repressed by the ectopic source of Shh,
resulting in an expansion of vo and v1 interneurons within the
dorsal hindbrain of ShhP1 embryos. This dorsal expansion in
Class I genes was mediated by Gli2 dependent and independent
mechanisms. These findings lend further support to the model
proposed by Briscoe and Ericson (2001), whereby low levels of
Shh signaling activate Class I genes (Dbx1, Dbx2, Pax6high)
and higher levels prevent them from being expressed in the
ventral-most region of the neural tube through the activation of
Class II transcriptional repressors.
Materials and methods
Production and genotyping of mice
Generation of the ShhP1 transgenic mouse line was described previously
(Riccomagno et al., 2002). Homozygous ShhP1 embryos were identified by
Southern Blot. Gli2lki/+ mice were kindly provided by A. Joyner (NYU School
of Medicine). Ptc1lacz/+ mice were obtained from the Jackson Laboratories (Bar
Harbor, ME). All mice were maintained on a CD-1 background (Charles River).
In situ hybridization and β-galactosidase staining
Whole mount RNA in situ hybridization was performed according to
protocol (Matise et al., 1998) using digoxigenin-UTP-labeled riboprobes. Three
to five embryos of each genotype were analyzed for every probe. After whole-
mount staining, representative embryos were postfixed in 4% paraformalde-
hyde, rinsed in PBS, embedded in 4% agarose and sectioned on a vibratome at
50–75 μm. The assessment of β-galactosidase activity in Ptc1lacz/+ and ShhP1;
Ptc1lacz/+ embryos was performed by histochemical staining using X-gal
(Gibco-BRL) as substrate (Epstein et al., 2000).
Immunohistochemistry
Embryos were fixed for 1 h in 4% PFA, washed in PBS, sunk in 30% sucrose
overnight, embedded and frozen in OCT and sectioned at 16 μm on a cryostat.
Primary antibodies used and dilutions were as follows: rabbit αDbx1 (T. Jessell,
Columbia Univ) 1:100; rabbit αEn1 (A. Joyner, NYU) 1:500; mouse αEvx1/2
(DSHB) 1:100; mouse αMash1 (J. Johnson, UT Southwestern) 1:100; rabbit
αNgn1 (J. Johnson, UT Southwestern) 1:200; mouse αNkx2.2 (DSHB) 1:100;
guinea Pig αNkx6.2 (T. Jessell, Columbia Univ.) 1:15000; mouse αPax6
(DSHB) 1:100; mouse αPax7 (DSHB) 1:100; mouse αShh (DSHB) 1:100. The
quantification of Shh immunostaining was performed by determining the
average pixel intensity in the floor plate and notochord from at least 7 sections
through the forelimb of +/+ (n=6), ShhP1/+ (n=6), ShhP1/ShhP1 (n=3)
embryos at 10.5 dpc using measurement tools from Openlab (Improvision).
Results
Overexpression of Shh in the floor plate of ShhP1 embryos
The ShhP1 transgenic mouse line carries an 82 kb P1
bacteriophage clone overlapping the Shh open reading frame
and extending approximately 9 kb upstream of the translation
initiation site and 65 kb downstream of the termination codon.
The ShhP1 clone contains a number of tissue specific regulatory
elements that activate Shh transcription in the CNS including
the ventral midline (floor plate) of the neural tube from the
posterior extent of the spinal cord to the caudal diencephalon
and Purkinje cells in the cerebellum (Epstein et al., 1999;
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ectopic expression of Shh in the dorsal region of the otic vesicle,
presumably due to the absence from this clone of a negative
regulatory element that normally functions to repress Shh
transcription in the ear (Riccomagno et al., 2002).Fig. 1. Shh is overexpressed in the floor plate of ShhP1 embryos. Transverse section
ShhP1/+ (B, F, I, L), and ShhP1/ShhP1 (C, G, J, M) embryos at 10.5 dpc. The level o
increase in Shh expression was detected in the floor plate (but not the notochord) of S
to wild type littermates. The expression of Foxa2 in the floor plate (E–G) and Nkx2.2
distance from the floor plate to the ventral boundary of Pax6 expression (K–M) waThe fate of neuronal progenitors in the ventral CNS is dictated
in large part by the concentration of Shh to which they are
exposed (Ericson et al., 1996, 1997). The original experiments
that led to this conclusion were performed by exposing naïve
neural explants to different concentrations of exogenouslys through the spinal cord at the level of the forelimb of wild type (A, E, H, K),
f Shh immunostaining (A–C) was measured and plotted in panel D. A significant
hhP1/+ (*p<0.0001) and ShhP1/ShhP1 (**p<0.0001) embryos when compared
in the p3 domain (H–J) was similar amongst the three genotypes. Moreover, the
s unaffected by the overexpression of Shh in ShhP1 embryos.
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generated (Ericson et al., 1996, 1997). These studies however,
were not designed to determine whether modulation of Shh
expression from its natural sites of production could alter the
slope of a Shh signaling gradient and hence the fate of ventral
neuronal precursors. To explore the feasibility of using ShhP1
mice to test this hypothesis we first assessed whether Shh was
overexpressed in the floor plate and/or notochord of embryos
hemizygous (ShhP1/+) and homozygous (ShhP1/ShhP1) for the
ShhP1 transgene. Using pixel intensity as a quantitative measure
of Shh immunofluorescence, we detected a two-fold increase in
Shh expression in the floor plate of ShhP1/+ embryos compared
to wild type littermates (Figs. 1A–B). Surprisingly, the intensity
of Shh immunostaining was not further increased in the floor
plate of ShhP1/ShhP1 embryos compared to ShhP1/+ litter-
mates, suggesting that the production of Shh protein is rate
limiting in these mutant embryos (Figs. 1A–D). The level of
Shh expression in the notochord was equivalent amongst
ShhP1/+, ShhP1/ShhP1 and wild type embryos (Figs. 1A–D).
These observations are consistent with our recent findings that
locally acting enhancers control Shh expression in the floor
plate, while long range elements falling outside the boundaries
of the ShhP1 clone control Shh expression in the notochord
(Jeong et al., 2006).
The increased floor plate expression of Shh was continuous
throughout the spinal cord, hindbrain and midbrain of ShhP1
embryos when examined between 9.5 and 12.5 dpc. Never-
theless, the size of the floor plate, the cellular distribution of Shh
within the floor plate and the expression of a Shh target gene,
Foxa2, all remained the same in ShhP1 embryos compared to
wild type littermates (Figs. 1A–C, E–G). We also surveyed a
large panel of markers that are known to be modulated by Shh
signaling in the CNS (Nkx2.2, Nkx6.1, Nkx6.2, Pax6, Pax7) but
found no alterations in their expression along the dorsoventral
axis of the spinal cord or midbrain of ShhP1 embryos (Figs.
1H–M and data not shown). We therefore conclude that a two-Fig. 2. Misexpression of Ptc1, Gli1 and Shh in ShhP1 embryos. Transverse sections
Ptc1-lacZ (A, B and F, G), Gli1mRNA (C, H) ShhmRNA (D, I) and Shh protein (E, J
level of the otic vesicle (G, H) but not in more caudal regions of the hindbrain (F).
overexpressed by two-fold in the floor plate (compare panel E with panel J) of ShhP1
F) which are through rhombomere 7.fold increase in Shh expression in the floor plate has no
detectable influence on the pattern of ventral CNS progenitors
in the spinal cord of ShhP1 embryos.
To determine if the misregulation of Shh observed in ShhP1
embryos bears any consequence on Shh pathway activation we
evaluated the expression of Ptc1 and Gli1, two transcriptional
targets of hedgehog signaling. In the CNS, the expression of
Ptc1 and Gli1 is normally restricted to ventral progenitors that
have responded to Shh signaling from the notochord and/or
floor plate (Figs. 2A–C). No differences in the amount or
distribution of Ptc1 or Gli1 expression were detected in the
neural tube above or below the level of the otic vesicle when
comparing ShhP1 (ShhP1/+) and wild type embryos between
9.5 and 11.5 dpc (Figs. 2A, F and data not shown). On the other
hand, in the caudal hindbrain at the level of the otic vesicle,
Ptc1 and Gli1 were expressed throughout the dorsal/ventral
extent of the neural tube (compare Figs. 2B, C with G, H). Shh
is ectopically expressed in the dorsal otocyst of ShhP1 embryos
in close proximity to the expanded domain of Ptc1 and Gli1 in
the adjacent hindbrain (Figs. 2D, I). It is likely that the source of
Shh in the otic vesicle, rather than the enhanced expression of
Shh in the floor plate, was responsible for the ectopic pathway
activation in the hindbrain of ShhP1 embryos, since Ptc1 and
Gli1 expression was normal at a distance of 200 uM from the
anterior and posterior ends of the otic vesicle (Figs. 2A, F and
data not shown), in regions where the floor plate continued to
show upregulated expression of Shh (Figs. 2E, J).
Class I and Class II genes are induced by ectopic Shh signaling
The source of Shh in the inner ear of ShhP1 embryos
appeared to function as an ectopic signaling center resembling
the effects of chick transplantation experiments in which a
notochord grafted in apposition to the dorsal spinal cord
promoted the ventralization of this tissue (Placzek et al., 1990;
Yamada et al., 1991; Goulding et al., 1993). To better determinethrough the hindbrain of wild type (A–E) and ShhP1 (F–J) embryos stained for
) at 10.5 dpc. Ptc1-lacZ and Gli1 are dorsally expanded in ShhP1 embryos at the
Shh is ectopically expressed in the otic vesicle (red arrowheads in panel I) and
embryos. All sections are at the level of rhombomere 5 with the exception of (A,
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on the fate of neuronal progenitors in the dorsal hindbrain of
ShhP1 embryos we evaluated the expression of homeodomain
transcription factors known to be modulated by Shh signaling.
To control for variations in cell type identity in the caudal
hindbrain we focused our analysis on rhombomere 5 (r5) which
also showed the most uniform response to ectopic Shh signaling.
Within the ventral half of r5 there are at least five distinct
neuronal progenitor domains whose identity is determined by
the overlapping expression of specific Class I and Class II
transcription factors that are either repressed or induced,
respectively in response to different thresholds of Shh signaling
(Ericson et al., 1997; Pattyn et al., 2003; Takahashi and Osumi,
2002). For example, progenitors of visceral motor neurons
(vMNp) form adjacent to the floor plate and can be identified by
their expression of Class II transcription factors Nkx2.2, Nkx6.1
and Nkx6.2, amongst others (Pattyn et al., 2003). Somatic
motor neuron progenitors (sMNp) occupy a domain immedi-
ately dorsal to vMNp and express Nkx6.1, Nkx6.2 and the Class
I gene Pax6 (see Fig. 3M for an abbreviated summary of the
homeodomain code demarcating the five ventral neuronal
progenitor domains in r5). We evaluated the expression of
several of these transcription factors in the hindbrain of ShhP1
and wild type embryos.
Of the Class II genes surveyed, Nkx2.2 and Nkx6.1 showed
no distinguishable differences in their expression between
ShhP1 and wild type embryos at 10.5 dpc (Figs. 3A, B and
G, H). In contrast, the pattern of Nkx6.2 was significantly
expanded in ShhP1 embryos, extending well into the dorsal
hindbrain (Figs. 3C, I). In evaluating the expression of Class I
transcription factors we found that like Nkx6.2, the dorsalFig. 3. Dorsal expansion of select Class I and Class II target genes in the hindbrain o
(G–L) embryos at 10.5 dpc stained for representative Class I and Class II transcription
F, H, I, K, L). While the expression of Nkx2.2 (A, G) and Nkx6.1 (B, H) was unalter
and Dbx2 (F, L) was dorsally expanded in response to ectopic Shh signaling from th
ventral neural progenitors expanded into the low “l” level characteristic of dorsal
representing Class II genes and red representing Class I genes.boundaries of Pax6, Dbx1 and Dbx2 had all shifted dorsally in
ShhP1 embryos (Figs. 3D–F, J–L). It was the high level of
Pax6 expression (Pax6high) typical of ventral progenitors that
expanded into the dorsal hindbrain (Figs. 3D, J). Not all Class I
genes examined were influenced by ectopic Shh signaling as the
pattern of Irx3 was unaffected in ShhP1 embryos (data not
shown). This result is consistent with a previous report showing
that Irx3 expression in the spinal cord is not dependent on
hedgehog signaling (Wijgerde et al., 2002).
The combinations of Class I and Class II transcription factors
activated by the ectopic source of Shh matches the profile of p1
and p0 progenitors (Fig. 3M). These cell types typically emerge
at intermediate positions along the dorsoventral axis of the
neural tube in response to low levels of Shh signaling (Ericson
et al., 1997; Pierani et al., 1999). Hence, we surmise that the
degree of signaling derived from the ectopic source of Shh in
the inner ear of ShhP1 embryos is most consistent with low-
level pathway activation.
We next evaluated whether the pattern of postmitotic neurons
in the hindbrain of ShhP1 embryos was affected by the
expansion of p1 and p0 progenitors. While the number of Isl1+
motor neurons and Chx10+v2 interneurons were correctly
distributed in the ventral hindbrain of ShhP1 embryos, there
was a significant dorsal expansion of v1 and vo neuronal
subtypes (Fig. 4 and data not shown). At 10.5 dpc, there was a
3-fold increase in the number of v1 (En1+) and vo (Evx1+)
interneurons in r5 of ShhP1 embryos compared to wild type
littermates (Figs. 4B, C and G, H). Despite the intermingling of
the ectopic v0 and v1 interneurons, their molecular identities
were maintained (Figs. 4D, I), albeit at the expense of the more
dorsally located dI4–6 (Lbx1+) neurons (Figs. 4E, J).f ShhP1 embryos. Transverse sections through r5 of wild type (A–F) and ShhP1
factors by immunostaining (A, D, G, J) and RNA in situ hybridization (B, C, E,
ed in ShhP1 embryos, the expression of Nkx6.2 (C, I), Pax6 (D, J), Dbx1 (E, K)
e otic vesicle. In the case of Pax6, the high “h” level of staining characteristic of
neural progenitors. A summary of the data is provided in panel M with blue
Fig. 4. v0 and v1 interneurons are dorsally expanded in ShhP1 embryos. Transverse sections through r5 of wild type (A–E) and ShhP1 (F–J) embryos at 10.5 dpc
stained with markers to detect v2— Chx10+ (A, F), v1— En1+ (B, D, G, I), v0— Evx1+ (C, D, H, I) and dI4-6— Lbx1+ (E, J) interneurons. A threefold increase in
the number of En1+/v1 interneurons and Evx1+/v0 interneurons was detected in ShhP1 embryos.
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impacted on cell fate specification in the dorsal hindbrain we
analyzed a variety of markers expressed in discrete dorsal
progenitor domains. The roof plate markers Bmp4 and Wnt1
appeared normal in ShhP1 embryos (Figs. 5A, E and data not
shown) as didMath1, a marker of dI1 progenitors (Figs. 5B, F).
In contrast, the expression of markers with ventral boundaries in
the dI6 (Msx3) and dI5 (Mash1, Gsh1) domains was repressed
dorsally in ShhP1 embryos into the vicinity of dI2 (compare
Figs. 5C, D with G, H and I, J with M, N). Interestingly, some
genes displayed a greater sensitivity to ectopic Shh signaling as
evidenced by the reduction in Gsh2 expression in dI2
progenitors, despite the persistence of Mash1 and Msx3 in
this area (Figs. 5K, L and O, P).
The ectopic expression of some but not all Class I genes is
dependent on Gli2
Our results suggested that the ectopic source of Shh in the
otocyst of ShhP1 embryos was responsible for the dorsally
expanded domains of Class 1 (Pax6high, Dbx1 and Dbx2) and
Class II (Nkx6.2) transcription factors. However, it was unclear
whether Shh was acting directly to regulate the ectopic
transcription of these genes. To shed light on this issue we
crossed ShhP1 mice onto a Gli2−/− background. The objective
of this experiment was to find out if the ectopic expression of
select Class I and Class II transcriptional regulators was
dependent on an activated Shh signaling pathway in neuronal
progenitors. Similar types of experiments were performed
previously to address the requirement of Gli2 in mediating the
ectopic activation of hedgehog signaling in Ptc1−/− and
Rab23−/− embryos (Bai et al., 2002; Motoyama et al., 2003;
Eggenschwiler et al., 2006).
We first evaluated the expression of Dbx1 with respect to
Gsh1. In wild type embryos at 10.5 dpc, a gap correspondingto the dl6 progenitor domain exists between the dorsal
boundary of Dbx1 and the ventral boundary of Gsh1 (Fig.
6A). This gap was maintained in Gli2−/− embryos despite the
ventral ward shift in both expression patterns due to the lack
of a floor plate in these mutants (Fig. 6B). In ShhP1
embryos, the dl6 gap was filled with the ectopic expression of
Dbx1 (Fig. 6C). Remarkably, Dbx1 expression was restored
close to its proper position along the dorsoventral neuraxis in
ShhP1;Gli2−/− embryos, although a slightly larger than
normal gap was observed between Dbx1 and Gsh1 (Fig.
6D). We next examined the expression of Ngn1 and Mash1.
Normally, the dorsal limit of Ngn1 expression in the
hindbrain abuts with the ventral limit of Mash1 at the dI5/
dI6 border (Fig. 6E). Interestingly, the dorsal expansion of
Ngn1 and retraction of Mash1 detected in ShhP1 embryos
was resolved in ShhP1;Gli2−/− embryos (Figs. 6E–H).
Similarly, the dorsal expansion of Nkx6.2 and repression of
Pax7 observed in ShhP1 embryos was also rescued in ShhP1;
Gli2−/− embryos (Figs. 6I, K, M, O).
Concomitant with the restoration of at least some of the Class
I (Dbx1) and Class II (Nkx6.2) transcription factors to their
correct progenitor domains in ShhP1;Gli2−/− embryos was the
reduction in the number of En1+v1 interneurons (Figs. 6J, L, N,
P). However, not all neuronal subtypes were restored to their
proper number and position in ShhP1;Gli2−/− embryos as
evidenced by the continued dorsal expansion of Evx1+ neurons
(Figs. 6J, L, N, P). The failure to restore Evx1+ neurons to their
wild type pattern in ShhP1;Gli2−/− embryos is likely due to the
persistent ectopic expression of Pax6high and Dbx2 (Figs. 6Q–
X). Thus, despite the restoration of dorsal gene expression in
ShhP1;Gli2−/− embryos, two Class I genes (Pax6high and
Dbx2) continued to respond to ectopic Shh signaling. Taken
together, these results indicate that the ectopic activation of
Dbx1, Ngn1 and Nkx6.2 in the dorsal hindbrain of ShhP1
embryos is dependent on Gli2. Whereas, the dorsal expansion of
Fig. 5. Loss of dorsal neuronal progenitor domains in ShhP1 embryos. Transverse sections and whole mount views of wild type (A–D, I–L) and ShhP1 (E–H, M–P)
embryos stained for dorsal neuronal markers by in situ hybridization (A–C, E–G) and immunostaining (D, H). The expression of roof plate (Bmp4) and dI1 (Math1)
markers was unaffected in ShhP1 embryos (A, B, E, F). In contrast, the expression of genes within the dI3–dI6 progenitor domain (Msx3, Mash1, Gsh1) was repressed
in ShhP1 embryos (indicated by the reduced bracket size in panels G, H and N). The arrowheads in panels I, M point to the otic vesicle. Note the selective repression of
a dI2 progenitor domain marker, Gsh2, from the r6 side of the otic vesicle (dashed line in panels K, O). A summary of the data is presented in panel Q.
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mediators of Shh signaling, such as Gli3.
Discussion
The over-expression of Shh in the floor plate has no effect on
dorsoventral patterning in the neural tube of ShhP1 embryos
The specification of neuronal fates in the ventral neural tube
is dependent on Shh. The prevailing model stipulates that Shh
secreted from the notochord and floor plate promotes a signaling
gradient to which neuronal progenitors respond by activating or
repressing distinct combinations of homeodomain and bHLH
transcription factors (Briscoe and Ericson, 2001). Progenitor
boundaries are subsequently fixed by cross-repressive interac-tions between complementary pairs of Class I (Shh repressed)
and Class II (Shh induced) transcription factors (Briscoe and
Ericson, 2001). In the present study, we addressed two specific
aspects of this model. Firstly, we tested whether increasing the
concentration of Shh protein from the floor plate was sufficient
to shift the slope of the Shh signaling gradient and consequently
the identity of ventral neuronal progenitors, in a manner
analogous to the alterations in cell fate evoked by incremental
changes in the concentration of Shh that were added to neural
explant cultures (Ericson et al., 1997). Surprisingly, ventral
neuronal progenitors were refractory to the doubling of Shh
protein levels in the floor plate of ShhP1 embryos. To explain the
discrepancy between the in vitro and in vivo data, we propose
that at least one of the mechanisms regulating Shh secretion,
transport or responsiveness may be rate limiting in the embryo
Fig. 6. Gli2 mediates the ectopic expression of some but not all Class I genes in ShhP1 embryos. (A–D) The dorsal expansion of Dbx1 and repression of Gsh1
observed in ShhP1 embryos is partially restored in ShhP1;Gli2−/− embryos. (E–H) The position of the boundary between Ngn1 and Mash1 at the interface between
the dI6/5 progenitor domains is restored in the hindbrain of ShhP1;Gli2−/− embryos, as is the position of the boundary between Nkx6.2 and Pax7 at the p0/dI6
interface (I, K, M, O). While the expanded number of En1+ cells seen in ShhP1 embryos is restored to near normal levels in ShhP1;Gli2−/− embryos (J, L, N, P), the
number of Evx1+ interneurons remains elevated, likely due to the persistent expansion of Pax6high (Q–T) and Dbx2 (U–X).
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required for the export of lipid modified Shh from producing
cells (Ma et al., 2002; Caspary et al., 2002; Tian et al., 2005) may
also control the absolute level of Shh that gets released from the
notochord and floor plate but would have no role in the neural
explant assays since Shh is supplied exogenously.
Stability of the Hh morphogen gradient is also a function of
the membrane bound Hh receptors, Ptc1 and Hip1, which limitthe range and magnitude of signaling by sequestering Hh ligand
(Chen and Struhl, 1996; Chuang and McMahon, 1999). The
expression of Ptc1 and Hip1 is controlled by the level of Hh
signaling, thus constituting a ligand-induced negative feedback
loop. Indeed, the overexpression of hh from its endogenous site
of production at the parasegment boundary in the Drosophila
embryonic cuticle results in a significant expansion of ptc
transcription in neighboring cells with little effect on cellular
60 A. Pachikara et al. / Developmental Biology 305 (2007) 52–62identity across the parasegment (Fietz et al., 1995). The function
of Ptc1 and Hip1 as Shh dependent antagonists is crucial for
regulating the precision of the Shh signaling gradient in the
ventral neural tube (Jeong and McMahon, 2005), and may
explain why the activity of excess Shh in the floor plate of
ShhP1 embryos is negated. Alternatively, since the notochord
is the principle source of Shh for the specification of neuronal
cell fates in the ventral spinal cord (Matise et al., 1998; Jeong
and McMahon, 2005), Shh expression in the floor plate, even a
two-fold increase, may contribute little to the Shh signaling
gradient.
The ability to buffer against small changes in the production
of Shh appears to be tissue dependent. As with the floor plate,
the overexpression of Shh within the zone of polarizing activity
(zpa), a Shh signaling center in the posterior limb bud, had no
influence on the specification of digit identity along the
anteroposterior axis of the limb bud (Riddle et al., 1993). On
the other hand, the ventral forebrain in humans is extremely
sensitive to the level of Shh expression given that a reduction by
half results in holoprosencephaly (Roessler et al., 1996).
Cerebellar granule cell progenitors showed an extended period
of proliferation in response to the over-expression of Shh in
Purkinje cells in ShhP1 mice (Corrales et al., 2004). Subtle
changes in the level of Shh signaling may underlie evolutionary
changes in cerebellar foliation patterns (Corrales et al., 2006),
whereas comparable changes in the level of Shh signaling
derived from the floor plate of the spinal cord may not be
favored in the mouse, thus explaining the added measure of
control over pathway activation in this tissue.
Class I genes are activated by low level Shh signaling
The second aspect of the Briscoe and Ericson model of
ventral neural tube patterning that we were able to address withFig. 7. Schematic representation of the effects of ectopic Shh signaling on dorsoven
from the ectopic source in the otic vesicle of ShhP1 embryos (blue arrow) results in
classification scheme for Shh target genes. Class I genes (light blue) are activated b
genes. Class II genes (navy blue) are activated by high level Shh signaling and oppos
by the lowest level of Shh signaling and are not necessarily opposed by Class I and/or
pathway operating in parallel to Shh (Novitch et al., 2003).the ShhP1 mice was the mechanism by which Class I genes are
activated in the CNS. The ectopic source of Shh in the otic
vesicle of ShhP1 embryos ventralized the hindbrain at the level
of rhombomere 5. We noticed that several Class I (Pax6, Dbx1,
Dbx2) and Class II (Nkx6.2, Ngn1) transcription factors were
ectopically expressed in the dorsal neural tube of these embryos
resulting in an expansion of v1 and v0 interneurons (Fig. 7A). A
role for Shh in inducing Class I genes has been suggested from
previous data (Ericson et al., 1997; Pierani et al., 1999; Briscoe
and Ericson, 2001; Wijgerde et al., 2002; Stamataki et al., 2005)
and is further supported by the in vivo gain-of-function studies
presented here.
Several lines of evidence support a dual role for Shh in the
regulation of Class I gene expression. Notably, Class I genes
were repressed in neural explants cultured in high concentrations
of Shh that promoted Class II gene expression (Ericson et al.,
1997). In contrast, Class I genes (Dbx1, Dbx2) were induced in
neural explants cultured in concentrations of Shh that were
sufficiently low so as not to permit the activation of Class II
genes (Pierani et al., 1999). Loss-of-function studies revealed
that the Shh mediated repression of Class I genes from the
ventral most regions of the neural tube is dependent on Class II
genes. In embryos lacking Nkx6.1 andNkx6.2, the expression of
Dbx2was activated throughout the ventral neural tube instead of
its usual intermediate position (Vallstedt et al., 2001). Interest-
ingly, this ventral expansion of Dbx2 occurred without any
changes in the level of Shh signaling, implying that the
repression of Class I genes by Shh is an indirect consequence
of Class II gene activation. This likely explains why Class I
genes were ectopically expressed in ShhP1 embryos. The level
of Shh emanating from the otic vesicle was sufficiently low to
promote the activation of Class I genes without affecting the
expression of most Class II genes. The advantage of the dual
dependency of Class I genes on Shh is that different signalingtral patterning in the hindbrain of ShhP1 embryos. (A) Low level Shh signaling
an expansion of v0 and v1 interneurons in the adjacent hindbrain. (B) A revised
y low level Shh signaling and oppose the expression of corresponding Class II
e the expression of corresponding Class I genes. Dorsal genes (red) are repressed
Class II genes. Class I genes are also activated by a Retinoic Acid (RA) signaling
61A. Pachikara et al. / Developmental Biology 305 (2007) 52–62thresholds can be used for both the initiation (low level Shh
signaling) and refinement (high level Shh signaling) of Class I
gene transcription.
Our data demonstrate that Shh is sufficient for the induction
of Class I genes in an ectopic setting, however they do not reveal
whether Shh is necessary for the activation of Class I gene
transcription. Previous studies have shown that the expression of
Dbx1 and Dbx2 is not wholly dependent on Shh (Pierani et al.,
1999), but that hedgehog signal transduction through Smo is
required to activate Dbx1, Dbx2 and Pax6high in intermediate
regions of the neural tube (Wijgerde et al., 2002). This suggests
that in the absence of Shh, other hedgehog family members,
likely Ihh expressed in the gut epithelium, can activate certain
target genes in the ventral CNS (Wijgerde et al., 2002). Although
these findings indicate that Hh signaling is required for Class I
gene transcription in intermediate regions of the neural tube,
there remains some question as to whether this activation of
Class I genes by Hh is direct. Bmp signals from the dorsal neural
tube repress Dbx1 and Dbx2 transcription (Pierani et al., 1999:
Timmer et al., 2002), so the possibility also exists that Hh
indirectly activates Class I genes by antagonizing BMP
signaling. This indirect mechanism may explain some, but not
all, aspects of Class I gene regulation by Hh since, Dbx2 and
Pax6high are ectopically expressed in ShhP1;Gli2−/− embryos,
which show normal ventral boundaries of dorsal gene expression
(Fig. 6).
In addition to hedgehog, the retinoic acid signaling pathway
is also necessary and sufficient for the activation of Class I
transcription factors (Pierani et al., 1999; Novitch et al., 2003).
These two pathways, which appear to operate in parallel, may
converge on the regulation of common Class I target genes.
Differential requirement of Gli genes in the regulation of Class
I transcription factors
Gli2 was required for the ectopic expression of some (Dbx1,
Nkx6.2, Ngn1) but not all (Pax6high and Dbx2) genes in the
dorsal neural tube of ShhP1 embryos. Nevertheless, the
endogenous expression of these genes in their ventral neuronal
progenitor domains was unaffected in ShhP1;Gli2−/− or Gli2−/−
embryos. These results indicate that Gli2 is sufficient to activate
specific Class I and Class II target genes in response to ectopic
Shh signaling but is not normally required for this purpose.
Similar conclusions have been made regarding the role of Gli2
in facilitating the effects of ectopic hedgehog signaling in
Ptc1−/− and Rab23opb/opb embryos (Bai et al., 2002; Motoyama
et al., 2003; Eggenschwiler et al., 2006).
It is likely that other Gli proteins (Gli1 and/or Gli3) regulate
the ectopic activation of the Gli2 independent target genes in
ShhP1 embryos. Intriguingly, Gli3 is required to repress the
expression of Dbx1, Dbx2 and Nkx6.2 from dorsal regions of
the neural tube (Persson et al., 2002). Therefore, the possibility
exists that the ectopic expression of these genes in the hindbrain
of ShhP1 embryos results from the loss of Gli3 repressor
activity. This is analogous to how hedgehog signaling normally
activates target genes in intermediate regions of the neural tube,
by antagonizing Gli3 repression (Litingtung and Chiang, 2000;Wijgerde et al., 2002). While the derepression of Gli3 targets
may explain some aspects of the ventralized hindbrain
phenotype in ShhP1 embryos, for several reasons we think it
unlikely that this is the only mechanism by which Class I and
Class II genes are ectopically expressed in these mice. Firstly,
the dorsal expansion in Dbx1, Dbx2 and Nkx6.2 expression
appears to be more pronounced in ShhP1 compared to Gli3Xt/Xt
embryos (Persson et al., 2002). Secondly, as mentioned above,
Gli2 is required for at least some of the effects of ectopic Shh
signaling in ShhP1 embryos. Finally, the misexpression of
dominant active forms of Gli3 in the dorsal neural tube of chick
embryos promoted the ectopic expression of Dbx1 and Dbx2
(Stamataki et al., 2005). For these reasons, it is likely that the
effects of ectopic Shh signaling in the hindbrain of ShhP1
embryos are mediated by a gain in Gli2/Gli3 activator function
in conjunction with the loss of Gli3 repressor activity. The
analysis of cis acting regulatory sequences controlling Class I
gene expression will be required to determine whether these
genes are direct targets of Gli regulation.
Given the results described here and elsewhere, we propose
the following changes to the classification scheme for Shh
responsive genes in the ventral neural tube (Fig. 7B). Class I
transcription factors should now comprise those proteins that
repress Class II genes and whose expression is dependent on low
level Shh signaling. This new definition better distinguishes
genes like Dbx1, Dbx2 and Pax6high, which oppose knownClass
II genes and are activated by low level Shh signaling, from dorsal
genes like Pax3, Pax7, and others, whose expression is repressed
by Shh but not necessarily through Class II intermediates. As
such, Pax3, Pax7 and other dorsal genes that are repressed by
Shh should no longer be considered Class I genes. The
categorization of Class II transcription factors remains the
same and includes those proteins that repress Class I genes and
whose expression is induced by high level Shh signaling (e.g.
Nkx2.2, Nkx6.1, Nkx6.2, etc.). This new classification scheme
better reflects the distinct manner by which Shh regulates target
gene expression in the ventral neural tube.
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